The temporal evaluation in the distribution of additives inside the electrode was clarified by the cross-section observation of the electrode after the arc discharge and the numerical simulation. The effect of the adsorption energy of additives on the electrode lifetime was also investigated by the numerical simulation. During the arc discharge, additives whose work function is lower than tungsten are gradually consumed from the electrode tip due to evaporation of additives on the electrode surface and diffusion of additives inside of the electrode. When the operating temperature of the electrode exceeds the melting point of tungsten, the electrode reaches the lifetime by melting and deforming. Furthermore, by setting an appropriate adsorption energy, the two dimensional experimental result. In addition, the larger the adsorption energy of additives inside of the electrode is, the longer the electrode lifetime is.
INTRODUCTION
Tungsten Inert Gas (TIG) welding is a non-consumable electrode type welding process using an arc plasma as a heat source. It is one of the important technologies in manufacturing fields. A few weight percentage of an oxide is usually mixed to a tungsten electrode surface which is used as a cathode in TIG welding. The additive oxide promotes electron emission from the electrode because its work function is lower than tungsten. The operating temperature of the electrode is lower than that of a pure tungsten, which consequently suppresses the consumption of the electrode. Nevertheless, long time and repeated arc discharge operation consumes the electrode.
Several studies [1] [2] [3] [4] [5] have been conducted by experimental observation and numerical simulation in order to investigate the electrode consumption. Sadek et al. 1) observed the electrodes tip microstructure after a TIG welding operation. They reported that the effects of the melting points and the work functions of additives on the consumption of the tungsten electrode were strong. Tanaka et al. 2) observed the electrode surfaces and the electrode cross-sections after an arc discharge under high current conditions. Their study revealed that the formation of vacancies and the disappearance of additives inside of the electrode were caused by the arc discharge for a long time rapidly consumed the electrode. Therefore, it is presumed that the behavior of additives inside the electrode determines the consumption of the electrode.
Casado et al. 3) developed a one dimensional model considering a diffusion of additives on the electrode axis and investigated the effect of Joule heating on the electrode lifetime under high current conditions. Nishiyama et al. 4) investigated the effects of the electrode shape and the current value on the electrode lifetime by the computational model considering not only Joule heating but also a heat conduction from the arc plasma. Konishi et al. 5) developed a two dimensional computational model considering diffusion and evaporation of additives and visualized not only the electrode surface but also the distribution of additives inside the electrode. However, there has been no experimental evidences for the temporal evaluation of additives distributions inside the electrode. The computational results by Konishi et al. 5) has not been validated yet.
In this paper, the relation between the electrode lifetime and the additive consumption was investigated experimentally with elemental mapping using Energy Dispersive x-ray Spectroscopy (EDS) to the electrode cross-sections after the arc discharge in TIG welding. In addition, the experimental results and the computational results were compered to validate the model 5) . Furthermore, the effect of the adsorption energy of additives on the electrode lifetime was also clarified by the numerical simulation.
EXPERIMENTAL METHOD
The distribution of additives inside of the electrode is closely related to the electrode lifetime. However, it is difficult to observe the distribution of additives inside of the electrode during arc discharge. Therefore, the distribution of additives inside of the electrode after arc discharge was observed. Table 1 shows the arc discharge condition. The electrode tip was ground to a diameter of 0.4 mm.
After the arc discharge, a specimen for observation was 
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Welding Letters Vol.37 No.4 (2019) p.4 WL -6 WL collected from the electrode by a high speed precision cutting machine and it was embedded in a thermosetting resin. The specimen was polished to the central cross-section horizontal in the electrode axis direction using a wet emery paper (grain size 200). Thereafter, the specimen was further polished using wet emery papers (grain size 35 to 5) and it was mirror-finished by buffing with 3 µm and 1 µm diamond pastes. Polishing was performed at a disc rotation speed of 2.5 s -1 , a load of 5 N and a polishing time of 180 s to 600 s using an automatic polishing apparatus. After that, the specimen was analyzed by elemental mapping using EDS. Fig. 1 shows an electrode appearance after the arc discharge. The electrode tip which operated for 60 minutes and 150 minutes remain the same as the chamfered shape which was the initial shape. However, the shape of the electrode tip which was operated for 270 minutes deformed to a spherical shape. This is because the electrode melted and dropped before the arc extinction. When the electrode tip deforms, the shape and the temperature field of the arc plasma changes 4) . Therefore, it becomes difficult to control the welding heat input and to keep a welding quality. In this study, the electrode lifetime was judged to be 270 minutes when the electrode tip deformed. Fig. 2 shows the temporal evaluation of the distributions of thorium at the cross-sections of the electrode tip obtained by the experiment and the numerical simulation. Here, the line of 1.0 wt.% is regarded as the boundary line (the white dotted line) between a blighter region and a darker region of thorium. This is because it is difficult to detect an element whose amount is less than 1.0wt.% in elemental mapping using EDS. After 60 minutes, thorium in the region closer 150 μm axially from the electrode tip was reduced to 1.0 wt.% or less. After 150 minutes, thorium in the region closer 220 μm axially from the electrode tip was reduced. After 270 minutes, thorium in the region closer 250 μm axially from the original electrode tip was reduced. At that time, the electrode reached the lifetime, and thorium in the region closer 420 μm axially from the deformed electrode tip was reduced to 1.0 wt.% or less. As time passed, the work function of the electrode gradually increased because thorium whose work function is lower than tungsten was reduced from the electrode tip. It was considered that the electrode deformed and it reached the lifetime because the operating temperature of the electrode exceeded the melting point of tungsten 5) . The computational model is a coupled model of an evaporation and diffusion model and a TIG welding model 5) . It uses a two-dimensional axisymmetric geometry. This computational model does not include deformation of the electrode tip. The computational results showed similar tendency to the experimental results for thorium disappearance from the electrode tip. However, the time scale of the computational result was different from that of the experimental result. During the arc discharge, additives in the side of the electrode are gradually consumed by diffusion to the electrode surface and evaporation on the electrode surface. As described above, the electrode reaches the lifetime by disappearance of additives on the electrode surface. In terms of this computational model, the conservation equation of additives on the electrode surface includes a term of the net evaporation rate of additives 5) . The net evaporation rate of additives includes the adsorption energy as an exponential function. This means that the effect of the adsorption energy on disappearance of additives is strong. Fig. 3 shows the computational results of the temperature at 0.1 mm axially from the electrode tip when the adsorption energy of thorium was set to be 7.1 eV, 7.4 eV, 7.478 eV and 7.5 eV. Here, the adsorption energy was set within the range of the actual values obtained by the experiment 6, 7) . When the temperature at 0.1 mm from a Welding Letters Vol.37 No.4 (2019) central axis of the electrode tip exceeds 3653 K which is the melting point of tungsten, the moment is defined as the electrode lifetime. This is because the electrode is reusable after it is ground. When the adsorption energy is set to be 7.478 eV, the electrode lifetime is 270 minutes, which agrees with the experimental result. Furthermore, the electrode lifetimes are 40 minutes at 7.1 eV, 182 minutes at 7.4 eV and 302 minutes at 7.5 eV. These results indicate that the electrode lifetime extends to about 7 times by 5% increasing of the adsorption energy. Fig. 3 Computational results of the temperature at 0.1 mm from the electrode tip for different adsorption energy of thorium
CONCLUSIONS
This study clarified the temporal evaluation in the distribution of additives inside the electrode by the cross-section observation of the electrode after the arc discharge and the numerical simulation. The effect of the adsorption energy of additives on the electrode lifetime was also investigated by the numerical simulation. The conclusions of this study are summarized as follows: 1) During the arc discharge, additives whose work function is lower than tungsten are gradually consumed from the electrode tip due to evaporation of additives on the electrode surface and diffusion of additives inside of the electrode. The operating temperature of the electrode tip increases because the work function of the electrode increases when additives disappear on the surface. When the operating temperature of the electrode exceeds the melting point of tungsten, the electrode reaches the lifetime by melting and deforming. 2) By setting an appropriate adsorption energy, the two dimensional computational model including diffusion and evaporation of additives 5) obtains the electrode lifetime that agrees with the experimental result.
3) The larger the adsorption energy of additives inside of the electrode is, the longer the electrode lifetime is.
